The synthesis and hydrogen bonded structures of various pyridyl-, pyrimidyl-, and thiazolyl-substituted thioureas is presented.
Introduction
Ureas and thioureas are widely recognized for their ability to hydrogen-bond. In addition, they can act as ligands in coordination complexes. This combination has led to their increasing use in an array of self-assembled network materials. 1,2 It is to be expected that incorporation of heterocyclic rings into thiourea molecules will produce an extended range of possible H-bonding interactions. A number of heterocyclic thiourea crystal structures have been determined. [3] [4] [5] [6] [7] [8] [9] However, virtually all of these structures feature a 2-pyridyl or related ortho-substituted nitrogen heterocycle. This heteroatom arrangement results in a highly favorable intramolecular H-bond, as illustrated in I. A few of the known structures show additional H-bonding, as represented in II -V. The six known compounds illustrated by II and III add to the ubiquitous internal H-bond an N-H … S interaction, resulting in dimer formation. 3, [5] [6] [7] [8] The "hydrogen-bonded" N … S distances in these species range from 3.256 to 3.379 Å. Although relatively weak, these thiocarbonyl Hbonding interactions are fairly common when the C=S is part of a resonance delocalized system and therefore is relatively long (> ca. 1.65 Å). 10 Compounds VI and V make use of pendant heteroatom groups to form H-bonded chains, with the latter incorporating an H-bonded water molecule into the chain. 6, 9 Nevertheless, seven compounds that are closely related to IV, having pendant furan, thiophene, 2-methylpiperidine, and pyrrolidinone groups, adopt an internal Hbonding only structure, as illustrated by I. 6 As part of a study of metal network complexes, we set out to synthesize and crystallographically characterize a variety of heterocyclic thioureas for use 5 as ligands. The aim of the current study was to identify organic networking patterns resulting from H-bonding. All reagents were purchased from Aldrich or Acros and were used as received. Melting point data were recorded on a MelTemp apparatus and are reported uncorrected. C, H, N analyses 6 were carried out by Atlantic Microlabs (Norcross, GA). NMR data were recorded on a Varian
Mercury 400 instrument (s = singlet, d = doublet, t = triplet, br = broad, v br = very broad, J = coupling constant; Py = pyridyl, Pym = 2-pyrimidyl, Thz = 2-thiazolyl; for numbering of heterocycles see 1 -7). IR spectra were recorded using a Digilab FTS-7000 series FTIR as KBr pellets (s = strong intensity, m = medium, w = weak, br = broad).
Synthesis.
N-(3-Pyridyl)-N´-phenylthiourea (1). X-ray crystallography.
X-ray quality crystals were grown by slow evaporation or diethyl ether layering of acetone solutions. Crystals were mounted on glass fibers. All measurements were made using graphite-monochromated Cu K radiation on a Bruker-AXS three-circle diffractometer, equipped with a SMART APEX II CCD detector. Initial space group determination was based on a matrix consisting of 120 frames. The data were reduced using SAINT+, 11 and empirical absorption correction applied using SADABS. 12
Structures were solved using direct methods. Least-squares refinement for all structures was carried out on F 2 . The non-hydrogen atoms were refined anisotropically. All hydrogen atoms in each structure were located by standard difference Fourier techniques and were refined with isotropic thermal parameters. Structure solution, refinement and the calculation of derived results were performed using the SHELXTL package of computer programs. 13 Packing diagrams were produced using Mercury. 14 Details of the X-ray experiments and crystal data are summarized in Table 1 . Selected bond lengths and bond angles are given in Table 2 , a summary of hydrogenbonds is provided in Table 3 , and a summary of interplanar angles is found in Table 4 .
Results and Discussion

Synthesis
The five heterocyclic-substituted thioureas, 1 -5 were synthesized through the reactions of phenyl-or methylisothiocyanate with various aminoheterocycles (ArNH2) according to reaction (1). 2, 8, [15] [16] [17] In all cases, good yields were realized. The two homo-substituted thioureas, 6 (18)). A molecular diagram is shown in Figure 1 and a packing diagram emphasizing the 3D H-bonding network is shown in Figure 2 . As is the case with each of the compounds described herein, the molecular structure of 1 is unremarkable. Also, like all but one of the disubstituted thiourea structures reported herein, one thiourea substituent (the phenyl ring) is oriented toward the thiocarbonyl carbon and the other toward the sulfur (EZ conformation). The two ring planes lie at fairly large angles to one another and also to the plane defined by the thiourea core (NC(S)N), see Table 4 . The bond lengths and angles within the thiourea core are relatively symmetrical. Two intermolecular H-bonds are seen in 1: N1-H … N3 (Tu … Py, Tu = thiourea) and
N2-H … S1 (Tu … Tu) (see Table 3 for H-bonding distances). The relatively long N … S distances encountered for compounds 1, 2, and 5 are facilitated by resonance lengthening of C=S (see Table 2 ), 10 and are similar to those of previously determined thiourea dimers. 3 Figure 3 and a packing diagram with H-bonding emphasized is shown in Figure 4 . Two independent molecules are present in structure. In similar fashion to 1, compound 2 forms a symmetrical thiourea core with an EZ conformation (pyridyl is oriented toward sulfur in this case) and shows large interplanar angles between the various combinations of the rings and the thiourea core ( Table 4) H-bond, N1-H … N4 (Tu … Pym). An analogous dimeric structure is exhibited by 4, which crystallizes in P21/c, see Figure 6 . Dimers are also formed by 5, which crystallizes in the monoclinic space group C2/c. However, in contrast to compounds 3 and 4 which form dimers through N-H … N interactions, compound 5 forms dimers through N2-H … S2 (Tu … Tu), see Figure   7 . The expected internal N1-H … N3 (Tu … Thz) H-bond is also present. In addition, there is a close interaction between S1 and S2 of 3.6279(5) Å. Compound 5 fails to form H-bonds to either of the thiazole ring heteroatoms. Its dimeric structure is very closely related to that of the known thiazole-and benzothiazole-substituted thioureas, III. 3, 7 Compounds 3 -5 stand apart from the other thioureas reported herein with respect to their core bond lengths. As is revealed by the data in Table 2 , pairs of thiourea C1-N1 and C1-N2 bonds are of very different lengths in compounds 3 -5 (1.375-1.388 vs. 1.318-1.335 Å). In addition, the N1-C2 and N2-CX (CX = C6 for 3 and 4, CX = C5 for 5) bonds are inequivalent (1.379-1.390 vs. 1.426-1.456 Å). Finally, it will be noted from the data in Table 4 (10)). A molecular diagram is shown in Figure 8 and a packing diagram emphasizing the 2D H-bonding network is shown in Figure 9 . A fairly symmetrical thiourea core is connected to the pyridyl substituents in EZ conformation. A monohydrate of 6 (6•H2O) has previously been reported. 9 It shows an EZ conformation. Interestingly, and in contrast to all of the diarylthioureas reported herein (see Table   4 ), both rings and the thiourea core in 6•H2O are virtually coplanar (<5 o interplanar angles). The H-bonded structure of 6•H2O is analogous to that of 6, consisting of both intra-and intermolecular H-bonding. However, the latter connects the thiourea nitrogen to the water of hydration, and a second intermolecular H-bond connects the water to a pyridyl ring. Thus, a zigzag chain results, in somewhat analogous fashion to 6. Like structures 6 and 6•H2O, N,N´bis(2-pyridyl)urea exists in the EZ conformation and has an internal H-bond. 20 
Conclusions
The use of 3-or 4-pyridyl groups in thioureas serves to produce 1D, 2D or 3D networked products through intermolecular hydrogen-bonding. 2-Pyridyl, 2-pyrimidyl, and 2-thiazolyl groups lead to the formation of dimers containing both intra-and intermolecular hydrogen bonds. 16 Supplementary Material : Tables of atomic coordinates for each structure are avialable (18) 3.0728 (18) 167.5 (17) 163.7 (16) Symmetry transformations used to generate equivalent atoms: a -x,-y+1,z+1/2; b x+1/2,-y+1/2,z; c x,y-1,z; d -x,-y+1,-z+2; e -x+1,-y+2,-z+1; f -x+1,-y+2,-z+1; g -x+1,-y,-z; h -x+2,y,-z+3/2; i x+1/4,-y+3/4,z-1/4; j x,-y+3/2,z-1/2; k x,y+1,z 24 (4) a Ring 1 is the heterocyclic ring in 1 -5. Ring 2 is the phenyl in 1 -3. 25 Captions for Figures. Figure 1 . Molecular structure of 1. Thermal ellipsoids shown at 50%. 
